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Abstract

‘1’bc. cxmvcntioml  wisdom in the scicr~ti  fic computing communi ly is tbal lhc bcs[ way to solve largc-

scalc llLllllctic[illy  -illtcl~sivc  scicniific  ptoblcms  On today’s  parallc]  MIMI> compu[crs  is 10 usc I@rIIaI)  or c

prograrnmc(i in a da[fi-parallc]  slylc  using low-level rllcss:igc-]>:issirlg  prirnitivcs.  ‘I%is approach irlcvitatiy

]cads to rmrl-pomblc co(tcs,  cx~cnsivc  (Ic.vc.lopmcr]i  time, arxl restricts parallel programming lo ttlc dornail)

of lhc cxpc.rl  programmer. Wc bclicvc  lh:i[ Ibcsc problems arc not inl]crcnl  10 parallc]  compu[ing  but arc Ibc

result of the 1001s  USCCJ. Wc will strew ltrat comparable performance can bc act)icvcd  wiltr liltlc c[l’orl  if bct-

(cr 1001s that present bigbcr level abslracli(ms arc USC(1. ‘1’hc vchiclc  for our dc.rnonstrati(m  is a 21> clcclro-

rnagt)c[ic  finilc  clcrncr)l  sca(ic.ring  c()(ic  W C.  b:ivc  implcmcn~c(i  ir] Mcr]lal,  arl ot)jccl-oricnlcd  pariillc]

processing systcm. Wc brictly  (icscribc  Ihc application, Mc[ltii[,  tbc ii]]l~lcr]lcrl[:i[ior~,  anti present perfor-

mance results for both a

1.() lnfro(luclion

I)cvcloping scientific

Mcnta[  and a ll;ind-coded parallc]  I:orlratl  version.1

applications (m currcnl paral]cl  COI1lPLIICIS  is difficult duc to tbc abscncc  of suil-

at)lc programming 100Is and models [o m:i[]i{gc  Ihc c(mplcx  dc[:ii]s  of parallc] programmitlg.  ‘I”bc vas(

majority of today’s  sysIcms arc progrmnmcd  in arl arc]liicc(urc-specific way Llsing  IOW-]CVC1  mcssagc-pass-

irlg primitives 11]:]1 arc tx)[tl  hard 10 usc and Icad 10 n(m-por[at)lc  C(XiCS. 31~CSC syslcrns  arc lypically  pr(~-

grarmncd in l;orlran  or ~ in a (iata-parallc]  S1>MII slylc.  W c  bclicvc l]lal  lhc problcm i s  ml t h e

arcbitcclurcs,  but ltlc [oo]s that llavc  been used 10 program tbcm, WC will show ii] lhis paper Itlat onc  CaTI

l)iir:illCli7,C a real scicn[ific applicali(m and obtain good performance with Ii[llc  cfforl if (Ilc rigl)l [001s arc

u Scxi  .

‘1’!K too] that  wc have used is Mcn[al IS], an objcc[-oricrl[cd  parallc]  proccssir)g  sys(cm dcvclopc(i  al the

Univcrsi(y  of Virginia. Using Mcnlat,  II]C user is responsible for i(icn(ifying  objccl boundaries and specify -

il]g 111(Mc objccl classes [bat bavc suf[icicrl[  corllr>lll:l(ior]:il” complc.xi(y to warranl  parallel execution. “1’llc

Mcn[at compiler and run-time sys(c.m arc rcsp(mib]c  for managing al] aspcc(s of coll~r~~llrlic:iti(~ll,  syrwhro-

ni~.ation,  anti scheduling for tl)c  user. McIIIal pcrfcrrms tasks tl)at  bumam perform poorly, whi]c lhc pro-

1. ‘1’his work has bcxm par[ial]y  funded by gfiiuts Jl)l ,-959303 arid NASA NG’1’-S0970,”

1



granmm pcrfmms tasks (da[a and program decomposition) tha( mmpilcrs  pc.rform poorly ‘1’bus, Mcntat

cxJJloils  the capabilities of both compilers and humans. McnuN is currently available on a range of plal-

forms from networks of hclcrogcncms  workstations to tightly coupkxi  machines such as the lntc]  iPSC/

860. An imporlan(  benefit of the Mental nJ>proach  is that applications dcvclopcd on onc p] al form arc source

code-por[ab]c from onc p]al form m anolhcr.  ‘1’his cli minalcs another problcm common to writing sofl ware

for parallc] architect urcs,  that appJ icatims  arc not portable across p] al forms.

‘1’hc  vchiclc  for our dcrnonslraiion  is a 211 clcctromagnctic  Jinilc  clcmcnt  scal(cring  code (l; M). ‘J’hc

app]icat  ion was clmscn  for Ihrcc reasons: 1 ) it is a real, ncm-t rivial, scicnt  i fic code; 2) the sc(Jucnl  ial lkmran

code was readily avail ab]c; and 3) the apJJlication  had previously been hand J>arallc]izcd  for a number of

MIMI>  compulcrs  (Gllcch/JPl.  Mark ]Ilfp 11 ypcrcubc,  lntc] il>S~/860,  and lntcl  l)clta) using cxJ>licit  n~cs-

Sa[:C-J);lSSil)g  Jwimilivcs,  Jmwiding  us will]  the oJ>Jmlunily  10 conlJJarc  the JJcrfornlancc  of hand gcncratcd

parallelism against our conlJ>ilcd  Mcn[al  version. ‘1’hc code compulcs lhc  clcclric  or magnclic  Iicld On an

unslruclurcd  finilc clcmcn[ rncsh which dc~incs  the sca[tcring  objcc[s  as WCI1 as (I]c space surrounding it.

Our work on the Mcntat  il~ll>lcI~lcI~ta[iO1l  of this code focuses on (WO issues: what is Ihc overhead J~cnalty

which musl  bc Jxiid in order to usc McnM for ll)is aJ>plicalion,  and how easy is it to apJJly  Mcnta( to a sci-

entific aJy~licalion  like (I]c finite clcmcnl sca[[cring  code. Wh:il  wc have found is that the aJ~plication

domain mapped WCII to the objcci-oric.n[c.d paradigm, and that the J~crfonnancc  of tbc Mcntat vcrsim  is

comparab]c  [o lhc hand-coded version for small  numbers of Jmccssors,  but dots no[ scale as WC1l in this

initial illl[~lclllclllali(lll.

‘1’tlis  paJ~cr  is organi~,cd  as follows. Scc[ion 2 discusses the l;M application and finilc clcmcn[ mc[hod.

Scclion 3 provides an overview of McntaL  Scc[ion 4 discusses the objcc[-oriented redesign of the I;M

aJJplicalion.  Scclion 5 dcscribcs  the Jxu’allc]  liM il~]~~lcfllc[~taii(~l~  via Mcnlal.  Scc[ion 6 prcscnls  some Jlrc-

liminary  I’csults ob[aincd with ihc Mrnlal version, and Scclion 7 Jmvidcs a summary and fu[urc  work.

2.0 TIKI ltM l’roliem

“J’hc  finite clcn]cl)t  method (I;l~M)  has been in usc for many years in structural  mechanics [ 10] and has

l~ccon]c popular in rccctlt  years as a [cclil~iquc  for usc on clcctromagnc(ic  problems [ 13]. l’liM has the

advmagc  of being able 10 deal wilh the sJ~cific geometry of objccls  by using unstruc[urcd  gridding  which

follows al) objcc[’s  sllaJ)c.  I’his can bc of Jx~r[iclllar  importance in IiM sca[[cring J~roblcnls,  where the cor-

rcc( rcprcscn[a[ion  of a sc:i[[crcr’s  surface is ncccssary  for accurate conlpu[a[ion. JJini[c clctncn(s  arc used

in 2 and 3 dimensional clcciromagnct  ic scaiicring  problems to model objccls  of COI1lJ)]CX  com  posi lion.  “1’hc

“hand-coded” I;l;M code has been inlJJ]cnlcl]lcd  On several MIMII conlJ~utcrs,  using cxJ~licit  message J>ass-

illg. A complclc  dcscri JNion  of this CO(JC, along wilh Jx\rallcl  iIllJ~lclllclll:ltioIl  description and JJcrformancc,

is found in [3]. l~or [his work, wc have conccn[ratc(i  on a 21> IUiM Jwoblcm.

“.-.
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];igurc 2. A Simple I;inilc  l:lcmcn[  Mesh

w)

Figure 3. Node-based l,incw  Il:tsis  }~unclion

‘1’IIc field quantities (clcc[ric  or nla.gi~c(ic)  may bc c.xprcsscd  as a linear con] bina(ion of’ tbcsc basis fLlnc-

lions:

(3)

where ,  &i(X) iS thC basis f’unclion :{1 lhC  ill) I)()(iC, and di is its mcilicicnt  in lhC rcprcscn[ation  for 11,

Notic.c  lllat since, by dcfinitiwl,  all other basis funclions arc () al node i, Ihc value of’ di is in fact the v:iluc  of

Ii al tlIc ith node. Wc also wrilc the test funclion ‘1’ ill terms of lbcsc basis functions. Subsliluling  (hcsc into

Ii(]. (2), and rccogni7,ing  that the tcsl  funclion ‘1’ musl bc arbilrdry rcsul[s  in a matrix cqua.tion for lhc field

cocfficicnls  dj:

K“d=l; (4)

WhCIC d is tt)c vcdor  of ficl(i  cocfficicn[s (ii flo]]]  1{(]. (3), ~IKi K LUMi l’, kIK)WII ~S the stiffness III:iIri X at](f

force vcclor, arc given by cxprcssicms  involving in[cgrals of individual txisis  f’unc(ims  or products of basis

funclim~s.  Since all basis func(ions arc locnliz,cd  10 a llan(iful  of fini[c  clcmcnts,  lhcsc inlcgrals  arc non-xcro

only for tbmc clcmcn[s  which c(m[ail]  (bc basis func[iom  involved. ‘Ilis  rcsul[s  in a K matrix  which is

quilt sparse. As a ma[[cr of practice, these inlcgrds  arc cmnpu(c(i  on an clcmcII[ by clcmcn( basis, with
—

cacll  clcmcn[’s con[ribu[ion  to K an(i 1{’ :i(idc(i  in ils tun~. III [Ilis  manner, [hc c(mplcxily  of in(cgra(ing  over

a (iomain  of irregular gcmnclrics  is rc~iucc(i  10 integrating over a scl of regular finite sizc(i  clcmcn[s.

‘1’his is Ibc basic finilc  clement mclho(i.  ‘1’hc l;M finiic clcmcn[ applictiiion  consis(s of two primary com-

JNllalion J>hascs:  1) nla[rix assembly an(i 2) matl”ix solve. III nla[rix  asscmb]y,  l]IC finilc clcmcnts  conlpLIlc

C(mlribulions  (i.e. ma[rix values) lllal arc asscmblc(i  (i.e. :i(i(ic(i)  il~[o [hc slifl’ncss  m[ilrix K. ‘1’hc  sliffncss

matrix is barKicd aII(i  Symmclric,  in a(i(iilion  10 being very spwsc. IXlrillg  nl:ilrix  assembly, Illc forCC  VCC1OI’
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lr is also computed by the clcmcnts.  ‘l-his  vcclor  bccomcs  the right-hand-side vector during the matrix

so]vc compilation.

in matrix SOIVC, (11c s yslcm of cquat ions rcprcscntcd  by the sti  [Tnc.ss  matrix wilh the f{mc. vcclor as the.

rigl](.hand-side, is solved by a colljugalc-gfil(licll[  algorithm known as Ili-conjugate gr~dicnt  [ 11 ]. ‘J’hc

algorithm requires tbrcc basic opcralicms:  mairix-vcmr multiplication, vccmr dot prmiuct,  and vector

saxpy.  ‘1 “hc SOIVC phase poses chal Icngcs m achieving good perform ancc on parallc] macbincs  duc to tbc

sparse nalurc of tbc malrix-vector operations.

3.0 Mental  overview

Mcnlat  is a parallel object-oricn(cd programming cnvirmmcnt  dcvclopcd  at tbc University of V)r~inia,

Mcnla[ was designed to address two problems tha( p]aguc  programming pardtc]  MIMI] archilcclurcs,

};irst,  writing parallel programs by band is very difficult. ‘J’hc programmer must manage cc)~l)lllul~icatioll,

syllcllrollizalioll,”  an(l scheduling. ‘Illc  burden Of corrcclly  managing the cnvironmcnl  oflcn overwhelms

J~rogranlmcrs,  and requires a considcrab]c  invcslmcnt  of time and cnclgy.  Second, once implcmcntcd  on a

particular MIMI>  archi[ccturc,  Il)c resulting codes arc usually not porlablc,  ‘1’J)us, collsidc.mblc  cfl-orl  INUS1

bc rc-invcslcd  to port Lhc app]icalion  to a ncw archiicc(urc.

Mcnlat  offers a solution to tbcsc problems by providing: 1) easy-to-use parallc]i  sm; 2) high pcrfmnancc

via parallel cxcculion;  and 3) applications portability across a wide rmgc  of platforms. ‘1’hc premise undcr-

]ying h4cntat  is (bat writing Jm)grams for parallc]  machines dots not bavc [o bc hard. ]nstcad, it is the lack

of appropriate abstractions lt uit bas kqt parallel architectures di f(icult  to program, and hcncc,  inacccssib]c

10 m ainslrcanl,  Jwoduclion  syslcm J>rogrammcrs,

‘1’t]c Mc[l(at  aJqJroach  cxploi[s  lllc objccl-oriented para(iigm  [o J>rovidc  high-level abstractions lhal mask

Ilm comJJlc.x  aspects of parallc] programming, collllllullic:tli(~)l,  synchroni zatim,  and scbcdul ing from t hc

Jwogrammcr.  lnslcad of worrying about  and managing these dc[ails,  the pmgrammcr  is free to cmccn[ratc

on t t lc (iclails  of Ibc application. “1’hc Jm.grammcr  uscs aJ>J~lication  domain  knowledge to spcci  fy tbosc
objcc[  classes (Mcn[at  classes) that arc of suf(icicnt  con~Jm[alional  complcxi[y  10 warranl  Jmrallcl  execu-

tion.  ‘1’hc r’cmaining conlJ~lcx tasks arc b:indlcd  by Mcnlat.

‘1’here arc two Jwimary  ccmlJmncnts of Mcmat:  the Mcmat  Programming 1,anguagc (Ml’ ],) [6] and the

Mcntat run-tinlc  syslcm [7]. Ml)l.  is an object-oricn(cd Jmgramming  language based on CI++ [ 14] that

masks tllc conlJ>lcxily  of the pamllcl  cnvironmcnl  from lbc programmer. MM  at cl assc.s  consist of cml-

lainc(i  objccls  (local  and member variab]cs),  their Jmccdurcs,  and a tbrcad of ccmlml.  Inslanccs  of Mcnlat

classes, ktmwn as Mental objects, arc the conlJmlalim  grains, I]ccausc  Mcn(at is based on a layered virlual

machine model, ald each layer introduces some an~ouut of overhead, Mcnla[ classes musl bc n~cdiun~-to-

Jargc graincd to mask these overheads.



McIIIaI  classes arc dclm[cd  by (11c ilwlusion  of [Im keyword “mmlat”  in lhc class dcfinilion,  as in lhc

tncntat class spat’sc. worker shown bc]ow. McnM classes may bc defined as citbcr pcrsislcnt  or regular,

r

—
~wrsj  stent mcr  Itat  class  s~):irsc  w o r k e r  (
/ /  private dat d e,r)<i  furIcLi orI r(~cn,kwrs
F)ub] j c:

C-ODII)I cxvec*  n) v<,  (: ml]] L (C’(>rnf]lcxvcr’  Vcc);
. . .

I ); I~_.. —. J

lnslanccs of regular Mental classes arc logica]ly sta[clcss, thus tbc it]ll>lcl]]cI][a[i(~]]  may crcalc  a ncw

ir]sl:iIlcc  tot]:il~dlc  cvcry I~lc[]lbcr  fui]c[ioI]  it]voc:i[i(Jtl.  PcrsislcntMcntat  clfisscsl~~ail~(:iill  slatcillforj)~:itiorl

bctwccn member function invocations. ‘1’his is an advantage for opcra(ions  that require lalgc amounts  of

daI:i, ()rlll:~t rc(]uirc  pcrsistcl~l  sct~~al]lics.  ll~slar]ccs  of McTllat  classcs  arcuscd  cxactlylikc  ~++ classcs,  as

inlbcfragmcnt  below. oncdiffcrcncc  islhat  persistent Mcntatobjccls  arcinstantiatcd  bytbccrcaleccml  -

Inand.

Mental supporls  anoti onof parallelism encapsulation. Parallelism cl)cal~sl]l:lti(~l~t:{kcs  (WO formsthal

wc call illtra-ot>jcclc  ~lc:ll>sLJlali( ~l~aild il~(cr-(~t~jccl cllc:iJ~sLlltili(~  l~. ll~tra-()t>jccl  cllc[ipsul:liiol  lofi>:irtillclisIl~

mcms  [bat callers of a Mcnlat  objccl member funclion arc unaware of whcthcrlhc  implcmcma[ion  of a

member funclion  is scqucnlial  or Jxirallcl.  lnlcr-objcc(  cncapsula[ion  of pamllclism  mcam d]al progrm-

l~lcrsofc  (~(lcfragl~lcl)  ts(c.g.,  a McnIat  ol~jccl  l~]c~l~t~cr  ful~cliol~)  l~cc(ll]ol  c()~~cc1-l]  [llcmsclvcs widlthc  par-

allcl cxccllti(~l~ o~~l>orllll~itics  bclwccl~tllc  (~iffcrcll(Mcl~lal  ol>jccl  ll~cl~lbcr  futlcliolls  ll~cyil~vokc.  "l'llus,  ll]c

dala and control dcpcndcncics  bctwccn  Mcntat class inslanccs  involved in invocation, col~~t~~ul~icatiol~, and

sy]~cbroni~,alion  arcaummatically  dclcctcd  a~ldi~]:~rlagcd  bytl]ccol~ll~ilcr  al~druTl-litllc  syslcI~l  without fur-

tbcr progrmmcr  intcrvcnlion.

'I'llcc()l~~pll  tatioll  ~~l(>(icl  l)ll(lcrlyiI~g  Mcl~t:lt  isillctll:icr()  (latafl()w1~lodcl  [7], alargc-grain,griipb-basc(i,

ciala-(irivc~l  c(~f~l]~ul:ilio~  ~l~l(~cicl,  ‘1’hc Mct]t:it  run-timcsyslcm  supporls  tbc macrocia(a ilmvmodc] viathc

provision of a virlual macro data [low machine. I\ccausc  [hc compi]cr  uscs a vir(ual  machil~c  mo(icl,  porl-

ing aJqiications 10 a ncw arcllilcclurc  (iocs  no~ require any user source level cb:ingcs.  Once the virlual

machine has been por[cd, user applications arc rc-compi]c(i  and can cxccutc  immcdia[cly.

Mental  rum On SuI~ 3s, SUII 4s, tbc lmcl  il’S(~/2 and il)S~/860, and tbc Silicon Graphics Iris. Wc arc cur-

rcnlly portingMcn(at  to Lhc’1’M~~M-5  and thc]nicl  l>c.IM (Paragon). Pc.rformancc rcsullsm  arangcof

:ipplicalions arc available, and arcqui[c  encouraging [8].

4.() ol~ject-ol”icllf  ccl” ltM l)csign

Qmvcrling  Il~c sequential I k)rlran IIM cmic  into a parallel object-oricmtcd code via Mcn(at requires two

lll:lJO1  steps: ] ) porting [Ilc cxis(ing code 10 a scqucnlial object-oriented Ianguagc  (~+ + ) an(i 2) porling Ihc

6
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dcllmt

21) Ck!nwnt 31) QIenwnt

21) 3pt-dcmcnl 21) !)pt L!lcllwnt- -

};igurc  4. f:initc  clcmcnt  class bicrarcby

digm as apJiicd m scicn[ific applicalims  like tbc liM ptoblm.  IIowcvcr,  while this cvidcncc  suggests a

good fil lJciw’ccll  lllcol>jccl-oriclltc(i”  paradigm and ll)is J>arlicLlltir Ill(JtJlclll  (iolllaill,t  llcrcarl:~  )crfor[llatlcc

lra(ic-(~ffs.  rl’l]csc  arcdiscllsscd  illltlcfill:ll  scclion.

4.2 ~;+ + ~]~SSCS

‘I’l~cllcarl  oftl]csc{juc])tial  liMitl~plcl~~cl~  (:{tiol~is  its(iccol~~l~()  siti()l~il]l() (;++ classcs. S()l~lc(~ftllc  C;++

classes will bccomc parallc]  orMcnlal  classes in (hcparallc]  litvl  il~~l)lcl~lci)t:~tiol~,  IJiscussim  of Mcmat

classes isdcfct’rcd  unli]  thcncx(  scc[ion.  ‘1’hcpmblcm  domain canbc btokcndown  il)tolw’(~l~l]ascs:clc-

nlclll  assembly and nla(rixsolvc.  ‘1’llcclass-(lt>jc.cl  hicrarcllic.s  rcllccl  Illisdc.c(}llll>(>silioll.

‘1’hc  iitsll>llasc  illvolvcslllc  finilcclcmcnt  colllpulalior)sl]cc(ic(i”  loconslwct  lhcspar  scs~iil’ncssmatrix

aid  rigtlt-ll:llld-si(lc  vccl()r.  I)urillg lllisl>ll:lsc,  cacl)clclllcll(  c()llll)u(cs  ac()ll(ritluti()  lllt)tllcnl:ilrix.  Wcrcp-

mscnlcd tllcclcmcnlsas  ~++ (Jt>jcclscolll:lillc(i  wi[lli[la  fitlilc clclllcllt  class llicrtirclly,  shown inl:ig.4.

‘1’hc  bicrarchy  is roolcd by tllc vir~ua]  base class c/cIncnf and tbc derived classes rcllccl  the different

types of finite clcn~cnts  that arc used in I{M problcnls.  ‘1’bc clcmcnt  type depends both on lhc J>hysical  char-

aclcrislics  ofthcmalcrial  (c,g, 21>/31)  ortrianglc/quadril  alcral),  find on lhc waylhcclcmcn[  computes ils

matrix conlribu[ion  (e.g. 3pL/6pt quadrature). A parl of [hc (~++ spccifica(ion fbrtbc  lil~ilc  clement bicrar-

clly issbownin  I;ig.5.

‘1’hc  clcmcnt  rcprcscntalion  is sinlJ~]y the nodal Jminls (ba( define ils  boundaries. ‘I”bc derived classes

C()lll:lill  c]clllcllt-sl}cci  fici1lf()rlll:lti(Jll,  such as tllc basis func~ions, (hat arcnccdcd  illttlcc.lcmcn( cmnJ}uta-

ti()lls.  rl'l)cclclI)cl)  tc()ll(ribL)ti() lls~irc coll~l~ll[cdt}ygef  k~:illd:trc:issclllblcd  il~l()tllc  sJJ:irsc  slifl1lcsslllatrix

duringtbc  filsl JJll:isc.  ’I’llis sl>:lrsc  lllatrixisslo1ccl  asalis(  () fsJJ:ltscv  ccl(Jrs,c:ictlr  ()wisrcJ>rcsclltc(it  >ylllc

8
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/ /  Base  class  o f  the element  hierarchy
c l a s s  e l e m e n t  {

jrlt *nodes;  / /  nc)dal  points
j nt num nodes;
.,.

pub] i C:

/ /  r e t u r n s  mairix  a n d  force-vect-o~-  cc>nt.ribut.ions
v i r t u a l  K]’- cor]t.]-ib*  9eL_ k f  ( ) ;

elerrwnt  ( ) ;
}:

—

/ /  3pt.  triangle  211  element.
c:lass  21) 3p~ element :  21)  c!lc!rnc!nt  {
/ /  b a s i s ”  f r l s-

. . .
p u b ]  i c :

KF’ cc)ntrib’ get k f  ( )  ;
21)-  3 p t  e l e m e n t  ‘ ( i  nt ‘nodes,  . . . ) ;

}; ““” — .—

J;igurc  5. I;initc  clcmcl]l  cl:iss  spccifica[ion

sparse wc class.  ‘1’hc  spmc matrix  is a spccia]  class known as a Mcnlat  c]ass  and this is ciiscusscd  in (k

ncxl scc[ion.

Ihting  lhc second phase of lhc mnpulalion,  malrix solve, “(icnsc’)  vccmrs of complex numbers arc

mnpukd  by the applica(im. ‘J’hc rcprcscnlation  of cmplcxvcc  is a ll)clllory-cor~tigllolls  variable-sized

array of comp]cx  type. ‘1’hc compfc.mm  class spcci ficalim is given in J:ig. 6. Memory conligui(y is impor-

tant in the parallc] ckmail] for ohjccls  Iha[ arc lransporlcd  bclwccII  ad(ircss  spaces (such as objccls  of Iypc

Complcxvc.c) ,

Ilolh IIIC sparse. vcc and complcxvcc classes had been implcmcnic(i  previously mi wc were able 10

reuse llIcm with sligl]l  modification (10 usc complex numbers), “i’i]c. C++ classes form lhc. basis for the par-

:ilicl  I{M (icsign.  ‘1’hc  rcmait~ing C+ -t cksscs  in IiIC applica[im have a (iual role: these classes can bc lrcatcd

as C-t+ cl:isscs  as in lilt sequential vcrsiol~ or as Mcnlal c]asscs in the parallel version. “I”ilcsc  arc (iiscusscd

ncx[. III tiIc ncx( scctim  wc will also simw how cvcryliling  fits  togc[hcr in the parallel l;M iIll~~lcl~lc~~tatio~l.

S.() illmlal  IIM lksign

‘1’hc (icsign  (iccisions WI gui(icd the [raI]sf(lrlIl:tti(~Il  from li]c scqucn(ial i’mlrm  illll)lc.lllc]llali(~]l  to the

scqucnlial  C++ were moliva[cd  by Ihrcc faclors:  1 ) flcxibiiily/cxlcnsi  bili[y, 2) fi(iclily and 3) suiyorl  for



c1 a s s  complcxvec  :  p u b ]  i c IJI) arl-ay  {
int start  incicx, l“ancje;
/ /  mcxnol-y  -corlt.  inguc)us r e p r e s e n t a t i o n
c o m p l e x  a[ l];

pub] i c:
complexvec  ( i  nt. co] s )  ;
compl  CXVCC* sax~y  (com~l  CXVCc  * f  ~ complex&  m) ;
c o m p l e x  vec+ ssxpy  (cc)rupl exvcc  if , complcx&  m )  ;

complexvec%  dot product  (complexvec  A f) ;
. . .

}:

l:ig,  6. Omplcxvcc class spcci  ficalion

l):irallcliz.ali[~ll,  l%inls 1 ) and 2) have been discussed and this scc(ion addresses poinl 3), transitioning  to the

pmd  ]c] } ;M UXiC.

‘1 ‘hc parallc]  liM code is based on the para] IcI objcxl-orient cd mmtcl of cmnpu[at ion provided by McrMat.

While lhc design of lhc pamllc] I;M code is conccrnc(t with poinls  1) and 2) above, it is driven by perfor-

mance and scal:ibility.  in the parallel domain, the most critical Pdclors affccling pcrfonnancc tire cmnpula-

lion granu]firily  an(t load Jxdancc.  IT) Mcnlal,  computation  grimularity  is spccificxi  via a mccbanistn  known

as McnMt classes, and load bitlancc  is achicvcd by an even partitioning of work across the inslantiatccl

Mcn(al objects.

‘1’hc  Jm’allcl  liM sys[cm  dcsigll  based on Mcnlal is ilhrslriitcd  in l’ig. 7. “1’hc asscmbl y (Jilasc  1) and

SOIVC  conlJmtations  (I)hasc 2) arc shown. ‘1’hc rmain(icr  of tilis section will (icscr’ibc li)c Mental c]asscs

USC(J, the rati(malc for choosing ti]cm, and oihc,r imporlant  (ic[ai]s  of tile paral]cl I{M (icsign and Mental

implement alien.

‘1’hc sc]cclion of Mcnlat  c]asscs is based upon cxJj]oiting  opporlunilics  for JX\ral]cJism  and acilicving an

accc.ptablc  computation grarrular-ily  givcrl Mcr~t:il  ovcrllcads  and the characlcrisiics  of tile targcl arcllitcc-

(LIrc. Our targc.t is tix Intel iPS~/860,  R very unbalancc(t  macllinc in wbicl] corllr~~ur~ic:i[iorl  COSIS dominate

cm~pula(iou  costs  by several ordc.rs  of magr~itu(ic,  ‘1’hc  Mcntai c.lassc.s  wili nccci [o bc “cO1~lI~Lrl:iliot~ally

heavy”, i.e. large-grainc(i, to achicvc reasonable, Pcrformancc,  give.n timsc fwlors.  ‘1’hc liM apJ>licalion  pcr-

(orms two main ccrmpulalions,  clcrncrlt  assembly and ma~rix  SOIVC, and time will bc inlplcmcntcd  via

McniaI classes.

J ‘or clcmcnl  asscmbl y, there arc many opimr[unit  ics for’  parallelism since ti]c clcmcnt comJmtat  ions arc

irldcpcmicnl  and may procccd in pariillcl.  ‘lb cxploil  maximal J)ilrallC]i  Sill,  wc would turn tile finite CICINCIU

classes (of I;ig. 4) inlo McntaL classes. J lowcvcr, a sir)glc  clcmcn[ asscrnbJy  comim(a[ion is too firm-gtiiincd

1()
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Phase 1- assembly Phase 2- solve

I;igurc  7. l’arallc.l l;M archilcclurc

/ /  conput  e ar]ci  assemhlc  al 1  e l e m e n t  s
voj d  asscmkrlc  ( s p a r s e  mat.  ri x *K, svect.  or *F’)  ;

}; “’-

l:igurc 8. Mcmal class clmt. ml] specification
—

for Mct]taI and this  will lead to ullacccplat>]y  poor pcrformmcc.  ]nslcad, wc define a Mcn(al class which

computes  lhc contributions for a collection of clcmcnts,  ellnl (.’()//,  scc I;ig. 8. Notice lhal the

c 1 mt co] 1 class conlains  {;+ + ohjccls (of’ t ypc clcmcnl)  as parl of its rcprcscnla[ion.

A number  of e 1 mt. co 1 I objcc[s arc inst:in[ia(cd  :{( runtimc and cach compu(cs  in paral le l .  IIach

e 1 rnt co] 1 is assigned enough clcmcnts  m achicvc  an acccplablc  computation granularity, ‘1’hc  number

11



—.

p e r s i s t . e n t  mcntat  class sparse nlatl-ix  {
/ /  sparsc2_mat.  rix represent._at.  ion
s p a r s e  vecii  m a t .  rix;
int.  s i  ze;
. . .
/ /  s p a r s e _  w o r k e r  in fc]~-ma~ion
i n t  n u m  w o r k e r s ;
s p a r s e  workeri  wc)rke~-s;
. . .

public:
/ /  F:ach elrnt-  c o ] ]  assenk>les  t o  m a t r i x
v o i d  a s s e m b l e  ( K  list,* K  contrib);

/ /  S o l v e  matrix  equa~ion  u s i n g  r h s  vector  k’
v o i d  s o l v e  (svector~  l’);

/ /  set u p  m a t r i x  w i t h  n u m b e r  of wc)~-kers
v o i d  initializ,c,  ( i n t  rlur,l-  wc,~-kers);
. . .

1;

Figure 9. McnM( class sparse_ III~NfiX Spccificalion

. . .. . .
of clmt co] 1 objccls  instant ialc(i and how the individual clcmcn[s  gcl assIgnc(l  m a parliculal

elmt co]] arc discussed later. Once the el]nl- COIIS  compu(c (IIC matrix  contributions and righl-

hand-side force-vector values associated will] their cxm[aincci  clcmcn[s  (via xcl_ kj), ti~csc values musl  bc

asscmblcci  illt(~tllc  sliffllcssl  ll:lltixail(i  forcc-vcclor rcsl>cctivcly.  'l'tlc(lL$,$c)?zl~  lf:lllclllt>cr  fLlllclioll  (icfillcd

on elmt co]] il~iliatcstllcclclllcl~l  c(~ll~I~LllatiollsaIl(i  invokes an assc]l~blcol>cfi~ti(J1~o~l  lhc matrix. ‘1’hc

Mcntat class, spflrsc  r~~~~lrix  rci>rcsctlts  ttlcs[iffl~css  l~~:\trix, scc1:ig.  9. Malrix :isscll~bly isi~crforl~~c(iv ia

ltlc I~~cl~lt)cr  fLll}cli()~l  fl,$.$c/?zl}/[?  callcci  bycach  elmi co]]. ‘1’i]ccicfini[icm  ofthc  Mental class svcctor,

the force-vcclor, is omillc(i.

Mosl of ti]c  conlputalion  time is spent in tbc matrix solve pbasc. ‘i’ilc  solve computation is performed by

an i(cralivc  prcconditionc(i  Bi-conjugaic  gradicnl algorithm (11 CXi)  [11] implcmcntcdby  tbcsofvc  member

fullclion oflilc  McllMtc]ass  sparse n~at~-i  x. Ouril]~I~lclllclllatiol  ~cxl~loils  tl~cl~losl  l>r()fil:iblc  o{>i~orllt-

nily forparallclism  il~tllc:ilg()ri  tl~l~l, l~:\l~]cly  tllcsl~:lrsc  l~~:~lrix-vcctor  t~lultil>licali  ol~sdol~c  il~cacllilcratio1~

oftbc.  llc(i  algorilbm.

]'arAllc]i7.i11g  lilclllaltix-vccl()  rlllLl]li~Jlicatiol  lsrc(lllircs  tll:ilall(Jl]lcr  class Mclltat class,.$/~flr.$e  worker.

I)c (icfillc(i,  scc h’ig. 10, ‘I”ilc  s p a r s e worker class is rcsixmsib]c for performing matrix-vcclor mullipli -

ca[ion  01) disjoin(  regions of il)c  sparse malrix.  A number of sparse wc)rker  objcc[s arc inslanliatc(i  al

runlimc,  an(i lhc s p a r s e nlai.r  i x is pariilioncd  in[o row-contiguous regions an(i ~iis(ributcd  to tbc

12



——...

pe~-sistent,  meIlt_at  c l a s s  spa~-se-  wo~-kex- {

/ /  s p a r s e  w o r k e r  r e p r e s e n t a t i o n
s p a r s e  vec~+  m y  lows;

/ /  legion o f  global  m a t r i x  s t o r e d  by worker
I-eqion  m y  recj;

/ /  paT-l_ial  r e s u l t  f o r  rnat.~rix-vect.or  m u l t i p l y
comp]exveci  r e s u l t  ;
. . .

pub] i c:
/ /  DisLribut.es  r o w s  to wo~-ker
v o i d  i n i t i a l i z e  (spa]-se v e c  list.i  spa]-se  rows, . . . ) ;—

/ /  S p a r s e  m v e c  mult.iplicai_ion
conplexvec+  r[l vec mu]t.  (ccmplcxveci  vet:)  ;
. . .

):
l:igurc  l(). Mctlliil  cl;isssI~:irsc.  WJ(Jrkct  s]~ccificali()l~

—— .
spa~-se  wc)rker  ol>jcc(s.’  l’J~isi s(iollcvialllc  sparse- worker member func~ion inilifl/izt?,  onccthc

spa l-se m a t r i x  has b e e n  dis~ribu(cd f“Lllly  10  lhc  s p a r s e w o r k e r  ol~jccls,  lIJC s p a r s e  matrix.

olljccl  m]gagcs  llIC  sparse wc)~-kers  in parallc]  malt’ ix-vector  mult iply opcmlions (via  m v(?(:- mu~t)

Icl)cii(cdly  during t h e  SOIVC  pllasc.  ‘1’hc  spa I- se% WC) I- kers  arc cncapsula(cd w i t h i n  the

spa]-se rnatr  i x (l:ig.  9) and this bas performance implications as wc will SCC.

‘]”hC Mcnta[ C]aSSCS,  Spi31- SC! mat ri x, elrrt co] 1,  and s p a r s e WOI”  kc>  1-, lCf]CCt  []lC COIllp  U[:i-

Iio]):illy-it](c]]sivc  phases of’ lhc iipplicalkm  and rcsull  h a granularity suitable botb  for McntaI  and (11c lar-

gc[ architcclurc. ‘I$hcsc  classes also allow suflicicnt  patallclism  in the application to bc cxploilcd.  CMC

imporlant  advantage of Mcmal  is that llIC  serial liM  CO(lC  requires only a fcw “ifdcfs” IO IUII) these Mcntai

classes in[o ~+ + cliisscs  (SCC l~ig. 11) - under 2?()  lines of code arc. unique to cilhcr lhc serial or pitt:illcl  ver-

sion.

Al runtiinc,  the programmer specifics lhc number of e] ml- co I 1 objccls  for tbc assembly P]]iisc Nd

lhc number of’ spa]- se WOI- ke~- objccls  f’or  (hc SOIVC  phtisc. ‘1’bc  Immbcr of objcc[s  should m:t[ch lhc

Iol:il  number of availab]c  ptoccssors assuming the granLllarily  is SLlfllCiCIl(.  I;(Jr large applications, Ibis is

USUally  lIIC CaSC. O) LhC il’SQ860  under NX, only OI)C ot>jcc[ (i.e. process) ]]lity bc p]iiccd 011 a processor

Since these J>bascs arc 1](~1~-(~vcrla]>l~i!~g  (i.e. SOIVC  dots not begin until assembly bits  cmmplclcd),  the nunl-

bcr of e] mt co] 1s and sparse wo~-ke]-s will bc the same.

Acllicving  acccpt:iblc  pcrf’ormimcc in Ihc ~)iirallcl  liM code dCpCIKiS  UJWII  g~(~d load  biil{il]cc. It is SU~I-

cicn[ to IOiid txiliincc  lhc asscmbl  y iin(i solve pl)ascs  SCjJiU’:itCly since lbcy arc incfcpcndcnl  - ol)l y ii synch-

niz.alien bclwccn  these phases is ncccicd. ‘1’hc  assembly loii(i  biilancc  requires tliiit IIIC e 1 mL_ co] 1 ot]jccts



#ifdef MenLat
p e r s i s t e n t  rnentat  c l a s s  spal-se- w o r k e r  {
#else!
c l a s s  s p a r s e .  wo]-ker {
ilendif
/ /  a s  above
. . .
);

l;igurc  11. llual McnM/~+ + class specification using “ifdcfs”

cacb perform about tbc smc amount of computation. An even parlilion  of lhc clcIncI)ls  across tbc

c 1 mt cc)] 1s would seem to bc an easy solution. }Iowcvcr,  the general I{M problcm will conlain  clcmcnts

of (ii ffcrcn[ types - more comp]cx CICINCIM  require more computation to dc(crminc  matrix contributions. A
good load balance solution cmurcs lbat cacl) clmt. coil has Iougbl  y Illc salllc  Ilul~lt~cI  of clcl~~cl~~s  of ca~tl

Iypc. As as approximation to this, our irlll>lcl]]cl]t:itiot~  randomizes the clcmcnt  inpul files and randomly

assigns clcmcnls to tbc elm_ coil objccls.

Similar] y, load balancing the SOIVC phsc  requires tbai  ihc sparse wol-ker  objccls  arc evenly bal-

anced fo r  tbc ma[rix-vcclor lllullilJlicii(ioIls. An even parlili(m  of lbc sparse mat r i x across lhc

s p a r s e worker  snlaynol  lead lo load b:~lal~cc siIlcctllc l~lalrix llasl~()]~-ut]i  f()rj]l sparsily (i.e. lllcnum-

bcrof non-zcms pcr row differs) and only non-zero positions of tbc matrix will bc multip]icci  by lhc

s p a r s e  wc>rkers.  lnslcad,  load baltincing  is acbicvcd b y  e n s u r i n g  lIM( e a c h  s p a r s e  wol-ker  has

at~(~Ll(  tl~cs:il~~c l~ul~lt>cr ofl](~l~-zcros  il~tl]c  l~l:i[rix rcgioIltl~:it  iltlasbccl~  assigl~c(l.N(~[clllat  thcnumbcr  of’

rows assigned 10 each sparse worker will,  ingcncr:il,  bcdiffcrcnt.

‘1’hcinilial  parallc] liM dcsignbasanumbcrof  [laws tluit limit tbc scalability and pcrfcmanccoflbc

sys(cm. ‘1’hcmosl obvious as seen clearly in 1;ig,7 is that  a single sparse matrix  objcctis abol[lcllcck

f()rb(~tll  l~la[rix  assclllbly  alldlll:llrix  s(~lvc. lJL}ril~g  tllcs(~lvc ]>l~asc,  p:irlialrcsl)lls  frollltl~c]llairix-vcclol”

multi  p]ics  arc fmncd  im the sparse matrix, tbuscrca[inga  c(~I]][]]~][]icti[  io]]bo((lcI]cck  .'f'tlc 1~r(~l~lc]]]

is duc [o the cncapsutaticm of lbc sparse workers within tbc sparse matrix. ‘1’his is a classic

problcm witt]tllc objcct-(JficIltc(i  par~(ligtll.  'l`tlcsillglc  spaI-se  Illail-  jXot)jcC[a  lS()]jIlljLs(  llcsj7,c[)r()t)”

]cms [hat can bc run since the entire matrix  is assembled in mm address space before i( is distributed 10 the

spa~-sc! workers. l:urlbcrmorc,  no aucmpl  was made [o parallc]izc  tbc dot pmducls that occur wilbin

tl]c13C:Ci lool~.r  l’llcscd (~tpr(~dl]ctsa  rcag(~od s()L]rcc () fl>:irallclis[l~,  cs~>ccially f()rlaIgc vcct()rs. N(~~lctllc-

less, lllc~~crf(~rl]]  a[lccrcsulls  arcgoo(i  w/llcll  co]l]l>arc(l  t()allall(l-codc(i vcrsiol]lllat docs not suflcrfrm

tlIcsc limitfitions.  I’hc results arc prcscntcd  in lhc next sc.ction.

Once tbc C+ + version of the }iM code ha(i bc.cn fully implcmcn(cd  and tested, the Mental vcrsim  (about

30001incsof  codc)tookabmIttwo”  wcckstocomplclc.  Ol~cofll~c t]]ajor l~roblcl~lsu’cllad  wi[t}Mcnlaio~l

tbc il’SCY860 was (}IC need to force aritlmc[ic  operands m bc double-word aligned to gcl gcmi  pcrfor-
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l;igurc  12. Parallc] l;M pcr~ormaucc  willl Mcn(a(

mancc  on Ibis macbinc.  ‘1’bis rcquircxt  some low-]cvcl pointer code and was Iinlc-consuming  10 implcmcnl

and t CS(. ‘1’tm memory botllcncck  imposc(i  by the single spa ]-se nlat.r  i x objccl  di(i  nol allow our I;M

problcm to fit on a 8MB il’SC/860  no(ic al ORN1.,  a 128 node machine. Wc wcntually  m on a 16MB/

node iI’SC/860 al Cal[cch.  Rmlunatcly, [bc Mcntat  sys[cm binaries por[cd smoothly to tbc Cal[cch  macl~inc
- no rccmnpilatim  of the McINat  sys(cm CO(1C  was ncccssary.

6.() l’rcliminary  Rcmlls

‘1’bc inilial  Mcntai  I{M code was dcvclopcd  on an tl-node ]ntcl  iI’SCY860  al JP1. and run on a 64-lmdc

lTUCI iI’S(Y860  a[ Gllccb.  ‘1’hc  data collcckxl arc from an l;M application [hat consis(cd of 2304 9pt quad-

ril alcral  clcmcnls  (9313 no(ics). “1’bis is considered a small problcm. Wc computed speedups with rcspccl 10

the sequential C-I + IIM code run on a single i860 node, scc l;ig. 12.

“1’hc results arc divided into (11c several phases: 1 ) problcm  setup is the time (akcn for thee] mt _ co] 1s

10 rca(i Ibc c]cmcnt files from ~1’S and crcatc  tllc clcmcnt  par~ilionsj  2) asscmb]y is tllc ~imc takcm for’ tbc

e 1 ml- co] 1s to complctc  ihc nlatrix assembly operations, 3) assembly and (iislributc  inclu(ics  the time to

[iislrihutc  tbc matrix OUI to the workers, 4) SOIVC is tbc time taken for the malrix SOIVC opcratim and 5)

total  is tbc total  time taken by tbc application. Wc simul(i  rcitcratc  that virtually no optimi~.ation  of tbc

Mc.ntat  version ha(i been pcrformc(i.

our” results arc comparc(i  with a han(i-coded optimiy.cd  pardlcl  l;oriran  }iM i(lll~lclllclltatio]l  that has

been in (icvctopmcnl  for soInc  time. Wc cxpcckxl the performance to bc worse than the ban(i-coded ver-

sion,  bu( 11OW much?  ‘1’hc  results indica{c that this is indccct  tbc case, but speedups were acbicvcd CVCII

tlmugb tbc Jmblcm was small anti the given illl~>lclllclllalioll  limitations tll:il  bavc been discussc(i, scc I;ig

13.
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I;igurc 13. (Xmparison of Mcm:it  to 1 land-ccxtcd  liM vcrsim

Rmparison  of tbc Mcntat  and tbc hand-coded versions indicates that  tllc Mcn[al  illlr~lcl~lclltaliol~  is

compcIi[ivc  wilb tbc band-coded for small  numbers of processors, but that  performance docsn’t  scale WC]]

as (I1c number of proccssm is inctcascd.  “1’bis is duc to lhc limitations M( bavc been discussed, namc]y

tllc sparse mat r i x bolllcncxk  for assembly an(i matrix-vcclor coll~f~l~lllic:ttio~~,”  and [bc scqucn[ial dot

Jmducts  in the SOIVCI. 1( is noI surprising  that [bc initial Mental version (iocs  not scale given lIIc (icsign.

7.() Sumnulry  and IWt ure Work

‘1’bc early KXUIIS  of lbc rcscarcb  arc encouraging. ‘1’bc  inilia]  design and iI~~l~lcl~lct]tatiol~  of the parallel

liM code using Mcnta[ took under two mcm(bs,  including tbc time to pcrfonn tbc “paradigm shift” from

limlran 10 ~++. ‘J’bis indicalcs  to us tbal tbc parallc] ohjcct-oricnlcd  mo(ic]  in gcncml,  and Mcma( in partic-

ular, is wc]l-suited 10 this  problcm (iomain.  Wc l~avc validaicd only parl of [his claim: that  tbc l{M problcm

has a natural  rcprcscnta[ion  in a objcc[-oricnlcd  frmcwork and wc lMVC provided f’urlhcr cvidcncc  that

MCIIIaI is an easy-to-use programming cnviromncnl  for dcvc]oping  parallel objccl-oricn~c(i  scientific appli-

cations. llowcvcr,  tbc otbcr  part of the claim is lbat performance (iocs  not suf(cr grcally wilb  Mcn(a(  wbcn

compared to tbc hand -co(icd version. Unlil tbc limitations with tbc currcn( Mcn(at dcsigll  arc removed, this

claim cannot  ycl bc m a(ic.

O[bcr rcscarchcrs bavc begun 10 rcpor( on tbc cxpcricncc  of using object-oriented il~lptc[llc~l[a(iol]  tccb-

niqucs for scientific problems [ 1 ,4]. Our cxpcricncc  is similar 10 [ 1 ] in lllal Jmgrammcr  cfl’icicllcy  seems 10

bc a more clear bcllcfit  than cxcculion  cflicicncy  al present, ‘1’bc  aulbors [ 11 rcporl tba[ the ~++ pcrfor-
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mancc is within an (micr  of magni(udc  of the limtm code (ours is within a factor of 2-3), and that this pro-

vi(ics some hope.

While tbc performance was not as good as the hatld-coded version, wc have identified scvcrd  pcrfor-

m ancc cnbanccmcnls that arc being incorporated into the next parallel liM design. ‘1’hc mos[ imporian[ of

Ihcsc is the elimination of the sparse maI_]-  i x bolllcncck  - Ihc  nlalrix  will bc asscmb]cd  in a dis[ribu[cd

fwbion  by the sparse workers dircc(ly.  ‘1’his  will speed up assembly and climinalc  the need (o explic-

itly dis!ribu(c the matrix out 10 I1)C workers. WC arc also planning to distribute the dot products, parallclix-

ing the inner producls  that occur in tbc ll(Xi loop, I1lL]S eliminating the Pm-in communication boi(lcncck IO

lhc sparse mat. r i x. ]nslca(i,  the spar sc workers will intcmcl in a more tigh(ly-coup]cd  fmhion.

Some encapsulation will bc t mdcd for pcrfortnancc.  “1’hcsc  changes will allow us to run much latgcr prob-

lems, and should yield a noticeable improvement in performance an(i scalability.
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